,
Here the decay rate of the A exciton ! ! !! has been extended to include the total population decay rate of the A exciton → 1 ! ! + 1 ! !→! ! . The fact that ! ! ! has a measured value near unity, therefore, also necessarily implies the same for ! ! .
S2. Substrate-dependent PL quantum yield
In Fig. S2 we present the PL spectra of monolayer MoS 2 on h-BN and on SiO 2 /Si under 1.96 eV (633 nm) excitation at 14 K and at room temperature. We see that, independent of temperature, the PL quantum yield is about one order of magnitude higher for samples on BN substrates. Also, samples on SiO 2 /Si exhibit broader PL features with larger Stoke shifts.
S3. Valley-spin relaxation mechanisms in monolayer MoS 2
The most efficient spin relaxation channel of an exciton is the e-h exchange interaction. In a singlet negatively charged exciton, the system of interest here, such an interaction between two electrons of opposite spins and a hole is cancelled. The spin relaxation of a negatively charged exciton is thus expected to reflect that of the hole S1 .
Since the valley and spin degree of freedom are coupled in monolayer MoS 2 , spin relaxation of the valence hole becomes equivalent to intervalley relaxation. Here we accordingly consider possible spin relaxation mechanisms for a charge carrier in a semiconductor S1-S3 , which controls the relaxation of the coupled VS polarization.
There are four principal channels for free carrier spin relaxation in a semiconductor: i) the Elliot-Yafet (EY) mechanism S4,S5 , ii) the Dyakonov-Perel (DP) mechanism S6 , iii) the Bir-Aronov-Pikus (BAP) mechanism S7 , and iv) the hyperfine interaction S8 . The hyperfine interaction is unimportant for the d xy and ! ! ! !! ! orbitals because of the small overlap of the hole wavefunction with the nucleus S1-S3 and can be neglected for our system.
As a result of the coupled valley and spin degrees of freedom in monolayer MoS 2 , the EY relaxation, which is operative during each scattering event due to spin-orbit (SO) coupling S1-S5 , is strongly suppressed. For intravalley spin relaxation, the spin splitting of ~ 160 meV provides a large energy barrier for spin flip, and a simultaneous spin and valley scattering is required for intervalley relaxations. An atomically sharp magnetic scatterer is thus needed S9,S10 . For a high-quality MoS 2 sample we do not expect this relaxation channel to be significant.
In the following, we provide estimates of the spin relaxation rates for valence holes in monolayer MoS 2 through the two remaining processes, the DP and BAP mechanisms. Based on this analysis, we conclude that the BAP process could be a relevant spin relaxation mechanism for our monolayer system. The expected spin lifetime is estimated to be in the range of 10 -100 ns. This finding is in accord with the limit of a spin lifetime exceeding 1 ns, as inferred from the experimental results described in the main text.
The Dyakonov-Perel (DP) mechanism
The SO Hamiltonian in a solid with crystal potential !(!) can be written as S1-S3 ,
where ! and ! are the charge carrier spin and crystal momentum operators, respectively.
In monolayer MoS 2 , the exact 2D motion of the charge carriers and the presence of mirror symmetry plane in the D 3h point group imply that the effective magnetic field, ! ∝ ∇! ! ×!, felt by the spin of a charge carrier has no in-plane component S11 . (The crystal electric fields, ∝ ∇! ! , are of equal magnitude, but pointing in opposite directions with respect to the mirror plane and therefore yield perfect cancellation of the in-plane components of the effective ! field). In the DP mechanism, the oriented spin feels a p-dependent B-field in its perpendicular direction that induces spin precession S1-S3,S6 . Because of the p-dependence, spins of charge carriers with different crystal momenta precess at different rates between scattering events, with relaxation through a motional narrowing process as the momenta of charge carriers are randomized by scattering S1-S3, S6 . For hole spins produced by optical excitation in monolayer MoS 2 with an out-of-plane orientation, intravalley spin relaxation through the DP mechanism is therefore completely suppressed because of the exact 2D nature and the crystal symmetry.
The situation is analogous to GaAs quantum wells grown along the [110] direction S12 .
Although intravalley spin relaxation through the DP mechanism is completely suppressed in monolayer MoS 2 possessing perfect mirror symmetry, mirror symmetry can be broken in substrate-supported samples or in field-effect transistor structures in which electric fields may be present. These perturbations give rise to a Rashba SO coupling S1-S3 and the presence of a p-dependent effective magnetic field with in-plane components. For valence holes near the K/K' point of the Brillouin zone, however, spin
relaxation is significantly inhibited by the presence of a large constant effective magnetic field in the out-of-plane direction S3 .
Because of the 3-fold rotational symmetry, the effective B-field (which reflects the underlying crystal symmetry) felt by the valence hole spin vanishes at the Γ and M points. At the K and K' points, the field has the same magnitude, but points in opposite directions along the c-axis (Fig. S3 ). This gives rise to equal, but opposite spin-splitting of the valence bands at the two inequivalent valleys (to preserve time reversal symmetry),
i.e., coupled valley-spins S11 (Fig. S3 ). Near the K/K' point, the SO Hamiltonian can be written as S9
with the parameter 2λ ≈ 160 meV (corresponding to the A and B exciton splitting), ν = ±1 denoting the valley index, and σ z and S z representing, respectively, the z-component of the sublattice and real spin Pauli matrices. Therefore, the effective magnetic field can be written as
with m 0 and e the free electron mass and charge (absolute value), g h the hole g-factor, and Ω ! = 2! ℏ the Larmor precession frequency. Assuming a hole g-factor of unity, we infer an effective magnetic field over 1000 T. This strongly stabilizes the spin orientation. The intravalley valence hole spin relaxation through the Rashba SO coupling from external perturbations is consequently suppressed. The net spin relaxation time τ s can be written as S3
Here τ s0 denotes the spin relaxation time (due to the Rashba fields) that would occur in a system with B z = 0 at the K/K' point, and τ p is the momentum relaxation time of the valence hole and can be estimated from the hole mobility µ h and hole mass m h as τ p = µ h m h /e. Given a hole mobility of about µ h ≈ 100 cm 2 V -1 s -1 S13 and a hole mass of 0.45m 0 S14 , the factor for the suppression of the spin relaxation rate can be estimated to be ~ 1/40.
The conclusion of this analysis, based on a classical picture of spin precession, can also be readily understood within a quantum picture. The large spin splitting of ~160 meV induced by the effective magnetic field implies that the small fluctuating effective (Rashba) magnetic fields do not provide enough energy for a spin flip within the same valley.
The Bir-Aronov-Pikus (BAP) mechanism
Spin relaxation through the e-h exchange interaction can be efficient in semiconducting atomic membranes like monolayer MoS 2 because of the enhanced exchange coupling in 2D and the relatively high unintentional doping level from environmental interactions (on the order of 10 12 cm -2 S13,S15 ). Consider the short-range exchange Hamiltonian in 2D S1-S3 for a hole (representing a negative trion) and an electron (from the unintentional n-doping)
.
Here a B represents the exciton Bohr radius, Δ ex the exchange splitting, ! the total electron angular momentum, ! the hole spin, ! the relative e-h separation, and ! and ! ! the initial
and final total crystal momentum of the e-h pair. The presence of such an interaction allows a valence hole spin in the n-doped MoS 2 monolayer to relax through a simultaneous valley-and spin-flip scattering with the conduction band electrons. The corresponding spin relaxation rate can be estimated within the Born approximation as S3 ,
where
! is the exciton binding energy; !(0) is the e-h overlap amplitude; n denotes the electron doping density; and ! ! and ! ! = ℏ !! ! are the p-dependent hole band velocity and the Bohr velocity. The exciton reduced mass and exciton Bohr radius are estimated to be ! ≈ 0.2! ! and ! ! ≈ 1 !" S14 . If we then assume a thermalized hole distribution at temperature of T ~ 10 K, comparable to that of the lattice, we estimate the spin relaxation rate through the BAP mechanism to be S3
(S10)
This yields a spin relaxation time of τ s,ex ~ 10 -100 ns. In this estimate, an exchange splitting on the order of 1 meV (intermediate between that of quasi-1D carbon nanotube S16,S17 and quasi-2D semiconductor quantum wells S1 ) and an unintentional doping level of 5×10 12 cm -2 were used. A unity value of !(0) was also assumed S1, S3 .
Given the suppression of the other spin relaxation mechanisms, rhw BAP mechanism appears to be an effective relaxation process in monolayer MoS 2 . Figure S4 shows helicity resolved PL spectra of monolayer MoS 2 under 1.96 eV excitation (red straight line) at temperatures of 47 K and 277 K. Below 50 K, the PL handedness is nearly temperature independent with a value close to unity. Beyond 50 K, the PL helicity drops gradually and becomes approaches zero at room temperature. This observation is attributed primarily to a shift in the band gap with temperature. This effect is illustrated by the blue straight line in Fig. S4 , showing the exciton redshift with increasing temperature. Since detuning of the excitation energy from the A exciton significantly reduces the initial optical pumping of individual valleys, we expect that from this source alone the PL helicity will drop significantly. Phonon-assisted intervalley relaxation and exciton decay may also play a role in defining the degree of helicity.
S4. Effects of temperature on PL helicity
Further studies are needed to clarify these issues. Fig. S2 . PL spectra of monolayer MoS 2 on BN (red) and on SiO 2 /Si (green) under 1.96 eV (633 nm) excitation at 14 K (left) and at room temperature (right). Independent of temperature, the PL quantum yield for samples on BN is about an order of magnitude higher than that on SiO 2 /Si. 
